An overview of the IRS payload development for ESA's EXPERT mission is given. The final design and performance parameters of the payloads PYREX, PHLUX and RESPECT are described. PYREX is a sensor system measuring the thermal protection system (TPS) rear side temperature. PHLUX is a catalysis based experiment to determine the dissociation degree of the boundary layer. RESPECT applies optical emission spectroscopy to measure spectrally resolved the radiation onto a TPS surface.
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Introduction
During atmospheric entry, the thermal protection system of space vehicles is exposed to significant mechanical and thermal loads. These loads, and subsequent the plasma state of the post shock regime and the boundary layer, are primarily defined by the inflow conditions and the vehicle geometry. In the past, various numerical codes have been developed to numerically simulate these complex conditions. Unfortunately, it is not possible to reproduce all relevant parameters in ground test facilities in order to verify and improve the various existing codes. Therefore, experimental data has to be gathered with in-flight sensor systems. A dedicated mission to improve the knowledge of atmospheric entry phenomena is the ESA mission EXPERT (European eXPErimental Re-entry Testbed) 1) , represented by a conical shaped ballistic capsule with a blunt nose of nose radius r = 0.55 m. The mass of the vehicle, which is shown in Figure 1 , is m = 436 kg. Besides the technology development and demonstration aspect of the mission, the second key objective is to build up a database containing various measured re-entry data to be used for validation and improvement of current numerical tools. At IRS the in-flight sensor systems PYREX, PHLUX and RESPECT were developed to serve this purpose. The focus of these flight experiments is on the nonequilibrium gas-phase physics which needs to be considered in numerical modeling. Major topics are thermo-chemistry, radiation and gas-surface interaction. PYREX is a flight-qualified pyrometric entry experiment which measures the rear side temperature distribution of a thermal protection system. Hence heat fluxes on ceramic thermal protection system can be calculated by solving the inverse heat conduction problem.
PHLUX is a catalysis based sensor system which measures rear side temperatures of closely placed material probes with different but well known catalytic properties. By rebuilding the heat fluxes onto the samples, using numerical codes as URANUS, the plasma composition of the boundary layer in terms of dissociation degree can be calculated.
RESPECT is a sensor system applying optical emission spectroscopy to measure spectrally resolved the radiation onto a thermal protection system (TPS) surface. By numerically re-building the measurement data using numerical codes such as URANUS and PARADE the plasma composition in the post shock regime can be derived.
The paper presents the in-flight instrumentation developed at IRS for ESA's EXPERT mission. A description of the sensor systems including the basic measurement principle is given. Emphasis is laid on the final design and key parameters of the flight hardware.
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Numerical Simulations
For the layout of the payloads, an accurate prediction of gas composition, temperatures and heat flux along the re-entry trajectory of the vehicle with an entry velocity of v e = 5 km/s and an entry angle of e = -7.4° is essential. The flow field around the EXPERT vehicle was simulated at IRS with the URANUS code for altitudes of 35 km, 50 km, 60 km, 70 km and 80 km. In addition, the radiation environment at the sensor head positions was computed for the same trajectory points using the plasma radiation database PARADE.
URANUS -flow field simulations
In order to predict accurately the flow around the EXPERT re-entry vehicle, the URANUS 2) (Upwind Relaxation The coupling between chemistry and the multiple-temperature gas-phase model is described by the advanced coupled vibration chemistry vibration (CVCV) model. The temperatures under consideration account for heavy particle translation, electron translation, N 2 vibration, O 2 vibration, NO vibration and rotation of the molecules. The transport coefficients for thermal conduction, viscosity and diffusion are computed according to the Chapman-Enskog method. Along the upper trajectory, a dissociated, laminar non-equilibrium flow exists which leads to significant catalytic reactions at the surface. Sophisticated gas-surface interaction models accounting for adsorption, desorption, Eley-Rideal reactions, Langmuir-Hinshelwood reactions as well as dissociative adsorption have been employed 3) . The URANUS simulations yield the plasma state of the post shock regime, required for the subsequent radiation predictions, and the heat flux on the thermal protection system. Due to the employment of the gas-surface interaction models, detailed conclusions of the impact of thermal protection system materials on the heat flux and corresponding catalytic jumps, essential for the design of the catalysis based payload PHLUX, could be made 4, 5) . Fig. 3 . Heat flux on EXPERT TPS considering surface interaction models.
One of the results of the URANUS simulations is shown in Figure 3 , the calculated peak heat flux on the thermal protection system plotted over the distance along the vehicle axis to the EXPERT stagnation point. In order to create a worst case scenario the materials have been assumed to be either non catalytic or full catalytic. The importance of the gas-surface interaction models becomes evident especially when examining the influence of the SiC PHLUX sensor insert. Compared to a metallic thermal protection system without SiC insert, the heat flux at this position is nearly reduced by 50 %. Moreover, at the junction downstream the non-catalytic insert, a significant jump in heat flux is observed. The heat flux results of the URANUS simulations were used to define the design and qualification test loads for the payload PHLUX. The URANUS data, describing the plasma state of the flow field, represent the calculation base of the radiation simulations.
PARADE -simulation of radiation
Based on the URANUS data, i.e. particle densities and excitation temperatures, spectrally resolved emission and absorption coefficients for each of the grid points along the line of sight of the RESPECT sensor heads have been calculated using PARADE 6) . The simulations were limited to the following radiating species. The calculations include physical effects, which lead to a broadening of the spectral lines, e.g. Stark effect or Doppler Effect. Optical broadening effects caused by the system itself are accounted for in a separate C-program. Figure 4 shows exemplarily the spatially resolved PARADE output spectra for the line of sight of RESPECT sensor head 1 at an altitude of 50 km. Grid point 1 represents the surface of the thermal protection system, grid point 92 is located upstream the bow shock. The emission is dominated by NO, in addition emission lines of atomic oxygen can be observed. The integration of the spectra along the line of sight is performed based on the radiation transport equation and accounts for absorption. The resulting spectral radiance at the sensor head was folded with the spectrometer characteristics obtained from calibration of the sensor system in order to simulate spectrometer signals, which were used for layout of the measurement chain of RESPECT 7, 11) .
PYrometric Re-entry EXperiment -PYREX
PYREX
7) is a sensor system for temperature measurement of thermal protection systems with high temporal resolution. To limit the influence of the sensor on the measurement, a contactless pyrometry based principle is used. An additional advantage, with respect to temperature measurement by thermocouples, is the short response time of the photodiodes used in PYREX for measurement. The sensor system, shown in Figure 5 , consists of a six channel electronic unit and six sensor heads which are connected via fiber optic cables.
The sensor electronics, which is mounted on the cold structure of the capsule, consists of six Fermionics FD1000W large area InGaAs photodiodes used to convert the thermal radiation emitted by the thermal protection system in an electric signal. In addition, there are three high-ohmic resistors per channel for adjustment of the measurement range, a 16 bit analog digital converter and a Peltier cooling system to keep the InGaAs photodiodes constant at 293 K, which is required to reduce thermal noise during measurement. Internal data storage and bidirectional communication with the EXPERT onboard data handling unit including transfer of measurement data is executed by a controller unit. For data transfer and communication with the EXPERT vehicle an 115200 bps RS422 link is available. The data rate of all six channels, at a measurement frequency of 100 Hz, is 2.25 kb/s. The internal storage is based on a 2 Gb compact flash card. It is an entirely autonomous memory bank for data storage which preserves the measurement data even in case of a power failure. Power is supplied by the EXPERT vehicle in form of a 28 V DC voltage line and distributed to the single payload electronic components by a dedicated power conditioning unit. The Peltier cooling system requires the bigger part of the power and causes the temperature dependency of the power consumption, which is about 6 W at room temperature (nominal mode) and rises up to about 14 W at 65°C. The mass of the sensor unit is 2.3 kg and its dimensions are roughly 200x130x100 mm³.
The radiation, transmitted via fiber optic cables from the sensor heads to the sensor unit, is focused on the photodiodes using a lens system. The InGaAs photodiodes provide high responsivity in the wavelength range of 800 nm to 1700 nm. The whole wavelength range is used for detection to enable the sensor system to start measurement at rather low temperatures. The radiation which can not be converted by the diodes is cut by an optical filter system in order to prevent unnecessary heating of the diodes. The PYREX sensor heads are mounted to the cold structure of the EXPERT nose cap. They consist of a SiC tube and an aligned collimating lens system connected by flanges. The fiber optics to sensor electronics fiber optics to sensor head sensor heads are orientated with the axis of the SiC tube perpendicular to the C/C-SiC nose cap. Although the tips of the SiC tubes have a distance of 3 mm to the C/C-SiC nose cap, they form a cavity of sufficient quality to be assumed a black body radiator. The gap between tube and nose cap is necessary to minimize the influence of the sensor system on the measurement object and furthermore is required to prevent exceeding heat conduction from the thermal protection system to the cold structure. The dimensions of the sensor heads are 96.4 mm in length and 42 mm in diameter, the mass of one sensor head is about 190 g. The key parameters of the payload are summarized in Table 1 . The layout of PYREX is based on computational fluid dynamics simulations and subsequent thermo-mechanical analyses. According to the results, the measurement system is designed for temperatures from 420°C up to 2200°C which includes a margin of 300°C on the maximum temperature expected. Calibration of the PYREX system was performed at the German national metrology institute (PTB) and at IRS using different black body radiators to cover the specified measurement range of the payload. To achieve high accuracy when interpolating between the measured calibration temperature levels, the measurement chain was physically rebuild by taking into account Planck's law and the spectral sensitivity of all optical components.
The PYREX in-flight measurement data will provide temperature profiles for the sensor head positions. In addition, the passive-active transition in oxidation behavior of the C/C-SiC nose cap can be traced. Thermal simulations can be used to calculate the temperature distribution of the complete nose structure. In further processing of the data, by solving the inverse heat conduction problem, the heat flux on the nose cap can be derived. The results will allow for the validation of the applied numerical codes used to predict the re-entry heat flux. In addition, thermal effects resulting from the capsule movement, e.g. tumbling during re-entry, can be identified and used for back calculation of the vehicle movement.
Pyrometric Heat fLUx eXperiment -PHLUX
The catalysis based sensor system PHLUX 7) aims on the investigation of gas surface interaction effects. The design of the system is based on PYREX because the measured variable is identical. However, the scientific objective of the PHLUX sensor system, to determine the dissociation degree of the boundary layer, is different than that of PYREX.
On the surface of thermal protection systems dissociated molecules or atoms of the post shock regime recombine to molecules which increases the heat flux onto the vehicle due to the release of chemical energy. Thus, the total heat flux is increased. The recombination rate and the corresponding amount of additional heat load depend on the catalytic behavior of the surface material and the plasma state. Thus, a comparison of two materials with different but known catalytic properties, closely placed to experience the same plasma state, gives information on the chemical heat flux which can be derived from the differing temperature profiles of the material samples. Thus, it is evident that a combination of low and high catalytic sample materials, related to oxygen or nitrogen, must be used. The difference in heat flux depends on the dissociation degree and hence the species concentration of atomic oxygen and nitrogen in the boundary layer near the surface can be derived. It shall be mentioned that, due to the rather low entry velocity of the EXPERT vehicle, nitrogen dissociation is expected to be marginal. In order to determine the material properties of candidate collimating lens system material sample aperture sapphire window C/C-SiC disk sample materials, plasma wind tunnel testing is ongoing at IRS 8) . The catalytic properties in terms of recombination coefficients of the chosen sample materials SiC, SiO 2 (coating on SiC sample), PM1000 and pre-oxidized tungsten were calculated using Goulard's theory 9) of stagnation point heat transfer. Complementary to the determination of recombination coefficients, the total emissivity of the material samples is measured at IRS.
The design of the PHLUX sensor system is similar to the PYREX system. The PHLUX sensor unit is identical to the PYREX electronics, except that the measurement range is adjusted according to the lower heat fluxes and corresponding temperatures at the PHLUX sensor position at x = 600 mm downstream of the stagnation point. The PHLUX electronics is designed for the temperature range of 420°C-1270°C.
The design differences are limited to the sensor heads which have been designed to place the material samples in the thermal protection system. A cross sectional view is shown in Figure 6 . The configuration of PHLUX on EXPERT consists of two sensor inserts, one equipped with sample materials primarily responding to the oxygen dissociation degree, the second insert responding primarily to the nitrogen dissociation degree. Each insert contains three sensor heads. Two of the sensors heads are equipped with the sample materials providing different catalytic properties. The third sensor head monitors, as a reference, the temperature of the C/C-SiC disk covering the sensor insert. C/C-SiC was chosen because of its low catalytic behavior, and thus provides a higher dissociated flow to the material samples caused by the dissociating relaxation effects in the C/C-SiC approach section. Three PHLUX sensors heads, and the second RESPECT sensor head, are installed in an Inconel 718 housing forming a sensor insert. The inserts are mounted to the metallic thermal protection system (PM1000) of the EXPERT vehicle (see Figure 3 for position). The material samples are fixed in C/C-SiC cover by a spring mechanism via ZrO 2 tubes. The ZrO 2 thermally insulates the material samples. The flanges at the rear side of the housing contain sapphire lens systems used to focus the thermal radiation on the fiber optic cables which connect the sensor heads with the sensor unit. The total dimensions are 75 mm in depth and a diameter of 134 mm. The mass amounts to 1.1 kg.
The key parameters of the payload are summarized in Table 2 .
Re-Entry SPECTrometer -RESPECT
The sensor system RESPECT 7, 10) is designed to measure spectrally resolved the radiation onto the thermal protection system along the EXPERT re-entry trajectory by applying optical emission spectroscopy. Figure 7 shows the schematic set-up of the payload. The sensor system consists of an electronics unit which connects via fiber optic cables to the two sensor heads of the payload. The sensor electronic was developed at IRS based on the requirements of the EXPERT vehicle and the needs of the two OceanOptics S2000 spectrometers which represent the core components of the sensor system. The S2000 is a miniaturized UV/VIS spectrometer in Czerny-Turner configuration using a 600 lines/mm fixed grating for dispersing incoming radiation on a 2048 pixel linear CCD. The OceanOptics S2000 model was chosen since it is a small, lightweight and robust spectrometer which has already been used for space applications. To be compliant with the mechanical loads of the EXPERT launch and re-entry, the spectrometer was modified by replacing potentiometers and jumpers by ohmic resistors and soldered joints, respectively. In addition, the mounting of micro controller and CCD was reinforced. The commercial control unit of the S2000 spectrometers was replaced by an IRS developed control hardware dedicated to autonomous in-flight operation. The analogue spectrometer signal is digitized by 12 bit analog digital converters and processed by two Portux920T single board PC's. The Portux920T is based on an ARM920T core working at 180 MHz and provides onboard interfaces for communication as well as onboard support for SD flash cards, which are used for internal storage of the measurement data. The embedded Linux operation system supports execution of the C++ program developed to control the spectrometers. The software is designed for autonomous operation. Consequently, after power-on the sensor electronics is booted and the C++ program starts operation automatically, which includes controlling the spectrometers, data storage and bidirectional communication with the EXPERT onboard data handling unit via two RS422 data links. Furthermore, exposure time control on basis of a P-controller is implemented in order to cope with the changing radiation intensity along the re-entry trajectory. The two channel electronics, including the spectrometers, has a nominal power consumption of 3.5 W. Power is supplied by the EXPERT vehicle and distributed to the single payload electronic components by a dedicated power conditioning unit.
The key parameters of the payload are summarized in Table 3 . The two spectrometers are connected via fiber optic cables to the two sensor heads of the measurement system. SH1 is located in the stagnation area of the vehicle and hence is integrated into the ceramic C/C-SiC heat shield of the EXPERT vehicle. Sensor head 2 is embedded in one of the two PHLUX sensor inserts and placed at x = 653 mm downstream the stagnation point. Their positions onboard EXPERT are shown in Figure 2 by the lines of sight of the sensor heads. The sensor heads are designed to collect radiation emitted by the post shock regime and thus have to enable optical access to the plasma. Sensor head 1 is shown in Figure 7 . The design is divided in two major assemblies. The outer part of the sensor head, which creates the optical access by means of an integrated sapphire window, is build of C/C-SiC components and is embedded in the ceramic heat shield. The inner part of sensor head 1 represents the optical system and is mounted to the cold structure. The design of sensor head 2 is similar, except of the subdivision into two assemblies, and is shown in Figure 6 .
11)
The intensity calibrated sensor system allows for measurement of spectral radiance in the wavelength range of 200 nm-850 nm and therefore the identification of all main species of the air plasma and of potential erosion products. Beyond the mere identification of the radiating species, the measurement data allows for quantitative analysis of the plasma composition by rebuilding the spectrometer signal using numerical simulation 11) . As a further result of these simulations, the measurement signal, which is an overlaid or integrated signal along the line of sight, can be spatially resolved. By comparison of measurement data and numerical data, the current status of the chemical, physical and radiation models implemented in the numerical tools can be validated.
Payload Qualification for EXPERT
All three payloads successfully passed the qualification tests specified for the EXPERT program, consisting of mechanical testing, thermal testing, EMC testing and functional testing. Although the PYREX sensor system was already flown or qualified in previous re-entry projects as Mirka or X38, qualification was repeated due to the rather high requirements of the EXPERT flight.
Especially, due to the combination of the VOLNA launcher and the stiff EXPERT structure, the vibration and shock environment represented challenging qualification criteria which exceeded the load levels of previous IRS payload projects by far. The mechanical test campaign consisted of random and sinus vibration tests and pyrotechnic shock tests. Sinus vibration was performed for the sensor units in the frequency band of 5-685 Hz with a maximum level of 28.2 g at around 100 Hz and a sweep rate of 2 octaves/minute. The random vibration tests were performed in the frequency band of 20-2000 Hz with levels up to 21.95 gRMS (out of plane loads). The test time for each of the three axis was 366 s. The loads applicable to the PHLUX sensor inserts were different and were specified with a maximum level for the sinus loads of 53.6 g and random loads up to 40.03 gRMS (out of plane). The pyrotechnic shock tests were specified in the form of shock resonance spectra in the frequency band of 10-4000 Hz. The required g-levels in the frequency domain rise from 28 g at 10 Hz up to about 700 g at 500-4000 Hz and were applicable to sensor units and sensor heads.
The thermal tests of the sensor units were performed in the thermal-vacuum test chamber of IRS and qualified the sensor systems for operation under vacuum in the temperature range of -5°C-65°C.
Thermal qualification of the sensor heads was performed in plasma wind tunnel tests at DLR and IRS 10) . In the tests at the IRS plasma wind tunnel facilities the heat flux trajectory of the EXPERT re-entry was simulated with peak heat fluxes of 1.7 MW/m² for the sensor heads of PYREX and RESPECT in the EXPERT nose cap. The PHLUX sensor head was tested with a constant heat flux of 400 kW/m² and a test time of 40 s, which corresponds to peak and integral heat flux of the EXPERT re-entry at the sensor position.
The EMC test campaign was performed at the ESA ESTEC MAXWELL test facility and consisted of bonding and isolation measurements, conducted and radiated emission measurements, conducted and radiated susceptibility tests and conducted and radiated electro static discharge tests. The qualification test campaign was concluded by functional tests in order to verify the payload parameters, software functions and measurement specifications of the three sensor systems. The verification of the functional requirements was supported by successful plasma wind tunnel tests proofing the sensor system design in relevant environment 10) .
Summary
The development of the in-flight instrumentations PYREX, PHLUX and RESPECT on EXPERT is outlined in the paper. Design and performance parameters of the payloads are presented. As qualification testing has already been concluded successfully, the final development status of the payloads is reached. The assembly of the flight models and successful acceptance testing was achieved in December 2009. Currently the assembly of the vehicle and integration of the payloads is ongoing. The re-entry flight of EXPERT is scheduled for 2011.
